 (Gut 1997; 41: 70-76) 
Optimal function of the colon, in particular its motor activity, epithelial cell metabolism, and absorptive capacity, is closely related to luminal bacterial digestive processes. Because of the difficulties in obtaining access to the human large intestine during normal digestion, most information about fermentation has been gained by analysis of breath (for example, hydrogen, methane, carbon dioxide), urine (volatile phenols), and mainly faeces. These techniques are indirect, but have proved their validity in many studies.' Metabolites formed by fermentation have an important role not only in energy supply, but also in the physiology and the pathophysiology of the colon.2-6 The nature and extent of fermentation depend on the characteristics of the bacterial flora, colonic transit time, and the colonic availability of nutrients (carbohydrates and nitrogen). 7 8 Carbohydrate fermentation has been intensively studied. 9 The end products such as hydrogen, methane, and especially short chain fatty acids (SCFAs) have been thoroughly investigated."0-13 SCFAs are generally accepted to be beneficial to the host.' The lumen of the large bowel is also an intensely proteolytic environment. 14 Bacterial degradation of proteinaceous nutrients, however, has been less intensively studied. Metabolism of protein (dietary or endogenous) that escapes digestion and absorption in the small bowel will produce SCFAs and branched chain fatty acids (BCFAs; isobutyric acid and isovaleric acid), '5 but will also initiate less beneficial outcomes, such as the production of potentially toxic substances, for example, ammonia, amines, thiols, phenols, and indoles.7 16 17 The aim of this study was to evaluate the influence of an increase in dietary protein intake by volunteers on their colonic metabolism by determining the levels of SCFAs, ammonia, and volatile organic compounds (VOCs) in faeces and phenol derivatives in urine.
Methods

VOLUNTEERS, DIET, AND SAMPLE COLLECTION
Five healthy volunteers (two men and three women; mean age 30 (range 21-34) years), all members of the laboratory staff, were included in the study. (They have been indicated by the initial of their first names.) The volunteers had no gastrointestinal complaints and were free of antibiotics or any other medical treatment for at least three months before the study started. In the first week volunteers ate a diet of their own choosing. In the second week volunteers consumed a supplementary intake of a commercial protein rich food, based on whey, casein, and lactalbumin (table 1) (Fortimel; Nutricia, Zoetermeer, The Netherlands). Fortimel (200 ml) was taken at breakfast, lunch, and dinner additionally to normal food. The two consecutive study periods were not allocated in a randomised order, because no data are available on the nature (and duration) Faecal samples were diluted 125-fold by weight. A 5 ml aliquot of the faecal suspension was transferred to a sample container, flushed with nitrogen, and firmly closed. The sample container was plugged into the closed loop trapping system after an incubation period of 24 hours at 37°C. Three internal standardsthat is, bromochloromethane (IS 1), 1-chloro-2-bromopropane (IS 2), and 1,4-dichlorobutane (IS 3), were added, each in a concentration of 25 ng/5 ml faecal suspension. As each standard gave the same reproducibility, only IS 2 was used for further analysis.The aim of the closed loop trapping device is to release VOCs from the matrix -that is, the faecal suspension, and to trap these VOCs on an adsorption trap without interference of water. The injector was a thermodesorption cold trap injector (Chrompack). Separation of the VOCs was performed by gas chromatography (Vega 6000) (on a 25 mX0 32 mm CP-Sil 5 CB, film thickness 1 2 ,um column; Chrompack). Identification of the VOCs was performed using ion trap technology (ITD 700; Finnigan).
The relative index (RI) technique was used for semiquantitative data. Each volatile compound is characterised by its mass spectrum with a specific m/z value. The peak area of this specific m/z value is divided by the peak area of the specific m/z value of IS 2 to give the RI for this volatile compound. The data obtained with this technique can be used to compare each volatile product between the two different periods of food intake.
An internal standard method was used for quantitative analysis (when possible).
ANALYSIS OF PHENOL AND P-CRESOL IN URINE
SAMPLES
Phenol and p-cresol were analysed by gas chromatography ion trap technology. One ml urine was diluted with 3 ml distilled water. A total of 75 [LI 2,6-dimethylphenol solution (20 mg/100 ml) was added as internal standard. 6  43  7  67  10  41  14  41  25  41  30  41  54  79  81   43  18  43  29  43  32  41  43  43  46  43  52  55  58  43  66  43  70  43  84  43  96  43  107   83  23  51  27  51  36  43  42  51  47  51  55  41  56  35  57   51  63  51  73   43  3  45  8  59 12 between the chromatograms of the faecal samples in the control ( fig 1A) and protein rich periods ( fig 1B) is obvious. Paired comparisons t test showed a significant increase of 10 products (table 5) after the protein rich regimen. Figure 2 shows the results of the factor analysis performed on the data of each volunteer in the two test conditions -that is, before and after protein supplementation. Each numbered vector represents a volatile substance in a multidimensional (120) The seven day food record of each volunteer was followed by an interview on dietary intake. Computing the percentage energy intake for carbohydrates, lipids, and protein showed clear differences between the two periods. Although total energy, carbohydrate, and resistant carbohydrate intake remained unchanged, protein intake increased significantly, mainly due to supplementary intake of a commercial protein rich food, based on milk proteins. Lipid intake decreased significantly.
These dietary changes led to a significant increase in the faecal ammonia concentration and an increase in the urinary excretion of volatile phenols. The increase in p-cresol, a unique fermentation metabolite of tyrosine, reached statistical significance.
All but one volunteer (represented by H) showed an increase in the faecal concentration of branched chain fatty acids (isobutyric acid:
1.1 mmolIl to 2-5 mmolIl; p=005, n=4, and isovaleric acid: 2-1 mmol/l to 3-5 mmol/l; p=0-06, n=4) (table 3) .
A total of 120 volatile organic compounds were isolated from the faecal samples of the five volunteers by closed loop technique. The use of relative indices (very common in mass spectrometric analysis) made it possible to express the results of analysis semiquantitatively, and to compare the compounds in an intraindividual way. Statistical evaluation of these relative indices showed a significant increase in nine volatile products and the appearance of methanethiol after the protein rich regimen (table 5) . Because of the lack of appropriate chemical references, only two compounds could be determined quantitatively. The mean concentration of 3-methyl-2-butanol increased from 2-01 mg/g faeces to 6-42 mg/g faeces, and the concentration of ethylbenzene showed a mean increase from 129-5 pg/g faeces to 946-8 pg/g faeces (mean) after the protein rich diet. The RI values of the 120 VOCs of each period for all volunteers resulted in a long data list. Factor analysis, however, offered (by projecting these compounds on a bidimensional plot) an elegant and powerful way of interpreting these numerous data (Fig 2) . Ninety nine VOCs are situated to the right of line L, indicating that they are produced in excess in all volunteers after protein supplementation.
Among them, phenol (no 83), p-cresol (no 94), indole (no 105), and skatole (no 109) are represented by long vectors, meaning that there is a clear increase in these compounds in the faeces after the protein rich diet. Seventeen of 19 S compounds (Fig 3) are found to the right of line L. As the length of each arrow represents the importance of that volatile compound, it is concluded that the S containing VOCs are among compounds the concentration of which changed most prominently in the faecal samples of the volunteers after protein supplementation. These S containing compounds are intermediary or end products of the breakdown of cysteine and methionine, two amino acids, present in casein. 30 As milk proteins are highly digestible,3' the significant increase in S compounds and ammonia in the faecal samples and of p-cresol in urine samples is surprising. The supplementary load of proteins might saturate digestive capacity, resulting in increased protein putrefaction in the colon. Because the process of fermentation is complex, some caution is warranted in making conclusive statements. Increased availability of S042-(Fortimel contains S042-as ZnSO4 at a concentration of 1-7 mg/100 ml) in the colon as a cause of increased S metabolite formation cannot be excluded. Neither can conclusions be drawn from our data concerning the origin of the surplus protein made available to the colon. Indeed, endogenous secretion ofprotein is also influenced by the dietary level. 32 To the best of our knowledge, no data are available on the influence of altered lipid intake on protein assimilation and fermentation.
The increase in S compounds is not only of interest in the field of flatology but may also be of importance in the pathogenesis of ulcerative colitis in which luminal reducing agents, mainly hydrogen sulphide and thioacetic acid, are involved.33 Moreover, 96% of patients with ulcerative colitis carry sulphate reducing bacteria in their colon compared with about 500/o in healthy individuals in the UK.34 Therefore, high protein intake may be an environmental factor related to the aetiology of this disease. There is good experimental and epidemiological evidence to suggest that large bowel cancer is at least partially due to dietary factors. Fat and animal protein are implicated as the main factors in the diet, while dietary fibre is thought to exert a protective effect. 35 36 The present study shows that an increase in dietary protein leads to an altered pattern of metabolites formed by the colonic microflora. Further research is necessary to investigate whether these metabolites have tumour inducing or promoting potential under physiological circumstances.
For all variables studied, one individual (represented by H) showed only minor response to the diet, as can be seen on the biplots of the factor analysis model where points HI and H2 are located close to each other (Figs 2 and 3) .
It may be hypothesised that this individual had better protein absorption in the small intestine, increased absorption of metabolites in the colon, less fermentation activity, or perhaps a one week adaptation period was too short to evaluate any effect.
In conclusion, an increase in dietary protein intake leads to altered product formation by colonic metabolism. This is mainly reflected by a change in ammonia concentration, the pattern of S containing volatile substances in faeces, and a change in p-cresol concentration in urine.
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